To explore the possible role of heat shock protein 20 (HSP20) -linked regulation of actin-myosin interaction in living vascular smooth muscle contraction, we studied the effects of HSP20p and TnIp, synthetic peptides originating from an actin tropomyosin binding region of human heat shock protein 20 [residues 110-121; GFVAREFHRRYR] and that of rabbit cardiac troponin I [residues 136-147; GKFKRPTLRRVR], respectively, on the active stress and phosphorylation level of myosin regulatory light chain (MLC20) during relaxation of skinned (cell membrane permeabilized) preparations from "tonic" carotid artery and "phasic" taenia cecum from guinea pig. Active stress of the skinned preparations, resulting from actin-myosin interaction, biphasically decayed following Ca 2+ removal (relaxation). Decay of MLC20 phosphorylation level by Ca 2+ removal was much faster than active stress in an exponential manner. In skinned carotid artery, HSP20p did neither affect relaxation time course nor MLC20 dephosphorylation, whereas, in skinned taenia cecum, the peptide slowed relaxation time course through inhibition of MLC20 dephosphorylation and slowing "latch"-bridge dissociation. On the other hand, TnIp accelerated relaxation time course without affecting MLC20 dephosphorylation in both skinned carotid artery and skinned taenia cecum. Our present results suggest that, HSP20p slows the relaxation processes through intracellular regulatory mechanisms such as Rho A/Rho-kinase mediated pathways, which are known to be dominant in "phasic" smooth muscles but to be recessive in "tonic" smooth muscles.
Introduction
Heat shock protein 20 (HSP20) is a 20 kDa stress protein, and expressed in various types of Correspondence to: Dr. Masaru Watanabe, Department of Physiology, Tokyo Medical University, 6-1-1 Shinjuku, Shinjuku-ku, Tokyo 160-8402, Japan Phone and Fax: +81-3-5379-0658 e-mail: masaru@tokyo-med.ac.jp striated and smooth muscles (Kato et al., 2001) . While numerous effects of HSP20 on the muscles are known, regulation of mechanical responses might be the major action of HSP20 in the muscles. In smooth muscles, several groups reported that cyclic nucleotide-dependent relaxation correlated with HSP20 phosphorylation in bovine carotid smooth muscle (Beall et al., 1997; Beall et al., 1999; Rembold et al., 2000) . These authors indicated that HSP20p caused relaxation of smooth muscles through its binding to thin filaments (highly ordered complexes of actin, tropomyosin, and actin-tropomyosin binding proteins), since homologues stress proteins, such as β-crystallin and HSP27, are widely recognized to bind to actin filaments and regulate thin filaments remodelling (Miron et al., 1991; Guay et al., 1997) . Rembold et al. (2000) showed that a putative actin-tropomyosin binding region of human HSP20 (HSP20p, residues 110-121
Ac-G-F-V-A-R-E-F-H-R-R-Y-R-NH2), which is highly analogous to the "inhibitory region" of cardiac troponin I residues 136-147 (G-K-F-K-R-P-T-L-R-R-V-R) (Talbot and Hodges, 1981) , bounds to actin-tropomyosin filaments only in the presence of tropomyosin. They also showed that HSP20p suppressed the actin-activated myosin S1 ATPase activity and the maximal Ca 2+ induced-contraction of skinned "cell membrane permeabilized" swine carotid artery (Rembold et al., 2000) . Their findings suggest that, in smooth muscles, HSP20p directly inhibits crossbridge attachment and/or accelerates cross-bridge detachment by regulation of thin filament activity as troponin I does in striated muscles, although it is still controversial whether HSP20 binds to thin filaments in smooth muscle cells under physiological conditions (Rembold et al., 2000; Brophy et al., 1999; Bukach et al., 2005) . In fact, since a synthetic peptide of the "inhibitory region" of cardiac troponin I residues 136-147 (Ac-G-K-F-K-R-P-T-L-R-R-V-R-NH2; TnIp) significantly suppressed Ca 2 + -induced contraction without affecting MLC20-phosphorylation level and also inhibited Mg 2+ -induced (MLC20 phosphorylation independent) contraction in skinned taenia cecum (Watanabe et al., 2003) , if phosphorylated HSP20 has similar biochemical and biophysical characteristics to TnI, HSP20 phosphorylation might regulate smooth muscle contractile properties in a TnI like manner. However, we previously showed that, in skinned taenia cecum, HSP20p slowed Ca 2+ removal-induced relaxation process (Yoshino et al., 2005) . Thus, HSP20p might inhibit detachment of cross-bridges and/or accelerate transformation of fast detaching cross-bridges to MLC20 phosphorylation-independent "latch" bridges (Dillon et al., 1981) in skinned taenia cecum. These results suggest that, regulatory mechanisms of cross-bridge cycling of "tonic" carotid artery by HSP20p might be different from those of "phasic" taenia cecum. To test the possibility, in the present study, we examined the effects of HSP20p and TnIp on the time course of stress decay and MLC20 dephosphorylation during Ca 2+ removal-induced relaxation of skinned carotid artery from guinea pig, and compared with those of skinned taenia cecum. TnIp effects on the stress decay during relaxation of skinned taenia cecum was different from the HSP20p effects in spite of their structural similarity (Yoshino et al., 2005) .
Preliminary results have previously been presented in abstract form (Hashimoto et al., 2006) .
Materials and methods

All experimental procedures conformed to the "Guidelines for Proper Conduct of Animal
Experiments" approved by the Science Council of Japan, and were carried out under the "Rules and Regulation of the Animal Studies Committee of Tokyo Medical University". Male Hartley guinea pigs weighing from 200 to 500 g were sacrificed under deep anesthesia with diethyl ether, and then the carotid artery and taenia cecum were removed and kept in physiological saline solution {150 mM NaCl, 4 mM KCl, 2 mM Ca(methanesulphonate)2, 1 mM M g ( m e t h a n e s u l p h o n a t e ) 2 , 1 0 m M g l u c o s e , a n d 5 m M 2 -[ 4 -( 2 -h y d r o x y e t h y l ) -1 -piperazinyl]ethanesulphonic acid (HEPES), and pH 7.4 adjusted with Tris at 25°C} with 50 µU/ ml insulin (Sigma, St. Loius, MO, USA) to keep the preparations healthily (Shioya, 2007) . A small circumferential media of the carotid artery was cut into a rectangular strip (0.3 to 0.4 mm wide and 1.6 to 2.2 mm long), then the strip was attached to a pair of tungsten wires with silk thread monofilaments, one of which was connected to a force transducer (BG-10, Kulite Semiconductor Products, Leonia, NJ, USA). In the case of taenia cecum, a small muscle layer strip (100 to 175 µm wide and 4.0 to 4.5 mm long) was attached to the force measuring apparatus described above. To change the solution quickly, a bubble plate system with nine wells (0.135 ml each) (Horiuti, 1988) was used. The temperature was maintained at 30.0 ± 1.0°C. The skinning (cell membrane permeabilization) procedure was described elsewhere (Watanabe and Takano-Ohmuro, 2002; Musha et al., 2007) . Briefly, an intact preparation was treated with 600 µM β-escin (Sigma) for 30 min and 20 µM Ca ionophore A23187 (Sigma) for 10 min.
Artificial intracellular solutions for skinned preparations were prepared according to the method of Horiuti (1988) . In all solutions, the ionic strength was kept at 200 mM by addition of K (methanesulfonate), and pH was adjusted with 20 mM 1,4-piperazine-bis(2-ethanesulphonic acid) (PIPES) and KOH to 7.0 at 25°C. A standard solution for skinned taenia cecum contained 0.85 mM Mg 2+ (2.1 mM Mg(methanesulfonate)2), 1 mM MgATP (1.35 mM total ATP Na2), 20 mM creatine phosphate Na2 (CrP), and 10 mM ethylene glycol-bis(2-aminoethyl) tetraacetic acid (EGTA). The values of Mg 2+ and MgATP concentrations were based on those of intact taenia cecum (Nakayama and Clark, 2003) . Ca 2+ solutions contained 10 -4.35 M Ca 2+ (10 mM total Ca(methanesulfonate)2) and 1 µM bovine brain calmodulin (Wako Pure Chemicals, Osaka, Japan). The apparent dissociation constant of Ca 2+ -EGTA was assumed to be 10 6.4 M -1 . To analyse relaxation process in detail, in a relaxing solution did not contain CrP, since CrP is known to accelerate relaxation time course (Yoshino et al., 2005) . TnIp and HSP20p were synthesized by Biocraft Co. (Tokyo, Japan) and dissolved in distilled water.
Experimental protocol
A skinned preparation was stretched to produce a stress of about 20 µN in a standard solution for skinned smooth muscles. After the passive stress reached a steady level (resting stress; about 10 µN), the preparation was immersed in 10 -4.35 M Ca 2+ to elicit the maximal Ca 2+ -induced contraction. When the active stress increased to the maximal steady level (the maximal Ca 2+ -induced stress; about 100 µN), the preparation was relaxed with the relaxing solution (by quickly lowering Ca 2+ concentration with 10 mM EGTA) in the presence or absence of TnIp or HSP20p. The active stress is expressed as a relative value as; relative stress = (an observed stress -the resting stress)/(the maximal Ca 2+ induced stress -the resting stress).
MLC20 phosphorylation
After appropriate time of relaxation, the skinned-preparations, which were still attached to the tungsten wires of the force measurements apparatus, were quickly fixed by immersion in iced-cold trichloroacetic acid (TCA) at 10% in acetone containing 10 mM dithiothreitol (DTT) for 15 min. After removing the preparations from the force measurements apparatus, the preparations were washed out of TCA with acetone containing 10 mM DTT for three times. The dried preparations were then incubated in urea-sample buffer (containting 20 mM Trizma base, 10 mM DTT, 8M urea) for 8 hrs at 4°C. The extracts were subjected to glycerol-PAGE coupled with Western blot (Sakurada et al., 1998; Katayama et al., 2006) . MLC20 was detected with anti-MLC20 antibody given by Dr. S. Yoshiyama of Gunma University and visualized with horseradish preoxidase-conjutated anti rabbit IgG (GE Healthcare UK, Buckinghamshire, UK) and enhanced chemiliminescence (ECL) Western blotting detection system (ECL+plus, GE Healthcare, UK). The contents of un-, mono-, and doubly-phosphorylated MLC20 were quantitatively measured using a computer base densitometer system (Densitograph, ATTO corporation, Tokyo, Japan). The phosphorylation level of smooth muscle MLC20 was calculated as follows:
where T and U are the densities of total-and unphosphorylated-MLC20, respectively.
Statistical analysis
Results are presented as means and standard error (SEM). Statistical hypotheses on the differences between means were tested with Student's t-test for paired samples. The null hypotheses were rejected when P was less than 0.05 (P<0.05).
Results
Effects of HSP20p and TnIp on the relaxation time course of skinned carotid artery
Figures 1A and 2A show typical mechanical responses during relaxation of β-escin skinned carotid artery in the absence or presence of HSP20p or TnIp. When a maximally contracting preparation with 10 -4.35 M Ca 2+ was transferred to the relaxing solution, after a short time lag (about 10 sec), the mechanical stress fell in a biphasic manner, an initial rapid phase and the following slow phase (Fig. 1A) . In the presence of HSP20p at 500 µM, a similar time course of stress decay was observed (Fig. 1A) , and the stress level in the presence of HSP20p at any time during relaxation was not significantly different from that in the absence of the peptide (Fig.   1B ). On the other hand, TnIp at 167 µM and higher concentrations significantly decreased the stress level at 300 sec after Ca 2+ removal and later (Fig. 2) .
In the presence of creatine phosphate, even relaxation time course was much faster than that in the absence of creatine phsophate, similar little effects of HSP20p and accelerating effects of TnIp on the relaxation process were observed (data not shown).
Effects of HSP20p and TnIp on the relationship between MLC20 phosphorylation level
To determine whether HSP20p or TnIp affect MLC20 dephosphorylation during relaxation by Ca 2+ removal, we measured MLC20 phosphorylation level and stress of the skinned preparations at 0, 20, 60, 180 and 1200 sec after Ca 2+ removal. Phosphorylated MLC20 of the contracted preparations with 10 -4.35 M Ca 2+ and the relaxed-preparations were about 65% and 0% respectively in both carotid artery and taenia cecum. MLC20 phosphorylation level was exponentially decreased by removal of Ca 2+ , and the time course of dephosphorylation was much faster than that of stress decay (Figs. 3 and 4) . Neither HSP20p (Fig. 3A) nor TnIp (Fig. 3B) at 500 µM or lower significantly affected the MLC20 phosphorylation level in skinned carotid artery. Calculated time constants of dephosphorylation process [τ(MLC-D)] were not significantly different from each other irrespective of the presence of the peptides (Table 1) . To compare with the peptides effects on the relaxation of "phasic" smooth muscles, the MLC20 phosphorylation level and the stress during relaxation were also measured in skinned taenia cecum under the same experimental conditions. In β-escin treated skinned taenia cecum, the stress decay after Ca 2+ removal was much faster than that in β-escin skinned carotid artery (Fig.  4) . HSP20p at 500 µM significantly slowed stress decay at ≥60 sec after Ca 2+ removal (Fig. 4A) , while TnIp at 500 µM initially accelerated then slightly slowed the stress decay (Fig. 4B) . HSP20p at 500 µM significantly increased MLC20p phosphorylation level at 60 sec after Ca 2+ removal (Fig. 4A ) and also τ(MLC-D) ( Table 1) . On the other hand, TnIp at 500 µM had little effects on the MLC20 phosphorylation level at any time after Ca 2+ removal (Fig. 4B ) and τMLC-D (Table 1) .
Analysis of relaxation time course
A "latch-like" state is thought to be reproducible during relaxation by lowering Ca 2+ concentrations in skinned smooth muscles (Kuhn et al., 1990; Albrecht et al., 1997) . If so, it (Kuhn et al., 1990 ) that dissociate very slowly. Consequently, our previous study (Yoshino et al., 2005) presented that the observed time course of the stress change during relaxation was well fitted with an equation that includes two time constants for the fast detaching cross-bridges and the latch bridges (Yoshino et al., 2005) , as given below;
where t is time after Ca 2+ removal, τ(fast) and τ(latch) are time constants of the fast detaching cross-bridges and the latch bridges respectively, a is the relative number of the cross-bridges transferred from the fast detaching cross-bridges to the latch-bridges, Stress(t) is the relative stress at t sec after the Ca 2+ removal. If dissociation rate of fast detaching cross-bridges is linearly related to the rate of MLC20 dephophorylation, τ(fast) is expressed as a function of time
where k is the sum of factors of complex reactions other than MLC20 dephosphorylation during 
. See "Results" in detail. B. Schematic representation of cross-bridge dissociation during relaxation. A number of fast detaching cross-bridges (AMfast) activated with Ca 2+ and calmodulin does not rapidly detach (A + M) with time constant k × τ(MLC-D) by lowering Ca 2+ concentration with EGTA, but once transferring to latch bridges (AMlatch), then they slowly detach (A + M) with time constant τ(latch). The relative number of cross-bridges transferring from fast-detaching cross-bridges to latch bridge denotes a. See "Results" in detail.
fast detaching cross-bridges, and the equation (1) could be described as
In skinned carotid artery, HSP20p did not affect k, τ(MLC-D), τ(latch) or a significantly, whereas the peptide significantly increased τ(MLC-D) and τ(latch) in skinned taenia cecum (Table 1 ). The analysis indicated that HSP20p slowed detachment of both fast cycling bridges through inhibition of MLC20 dephosphorylation and latch bridges of "fast" taenia cecum, but not "slow" carotid artery. On the other hand, TnIp only decreased a in both carotid artery and taenia cecum (Table 1) , suggesting TnIp interfered with transition from fast-cycling bridges to latch bridges in the present experimental condition.
Discussion
In the present study, we showed that, in skinned carotid artery from guinea pig, HSP20p
had little effects on the stress decay and MLC20 dephosphorylation during relaxation by Ca 2+ removal. Since even in the present experimental conditions, HSP20p significantly slowed the stress decay during relaxation in β-escin skinned taenia cecum (Fig. 4A) as observed in our previous study using Triton X-100 skinned taenia cecum (Fig. 4 of Yoshino et al., 2005) , we concluded that HSP20p only affects the relaxation processes of "phasic" taenia cecum but not those of "tonic" carotid artery. Since HSP20p only slowed MLC20 dephosphorylation of skinned taenia cecum but not skinned carotid artery, differential effects of HPS20p on the relaxation time course of skinned carotid artery and skinned taenia cecum were at least partially due to less susceptibility of the peptide to the MLC20 dephosphorylation processes of carotid artery compared with those of taenia cecum (Figs. 3A and 4A) . There are three possible sites of HSP20p action to inhibit MLC20 dephosphorylation as follows, 1) modulating activity of myosin phosphatase directly or through affecting regulatory pathways of phosphatase activity, such as Rho-kinase, 2) binding to myosin molecules that leads to modulation of MLC20 phosphorylation level, and 3) changing function and/or structure of thin filaments resulting in modulation of MLC20 phosphorylation level. In PKC-induced inhibition of myosin phosphatase and Ca 2+ sensitization for active stress and MLC20 phosphorylation level, phosphorylation of CPI-17 Thr 38 may play dominant role in "tonic" vascular smooth muscles, but not in "phasic" visceral smooth muscles (Woodsome et al., 2001 ). Because, Y-27632, a specific inhibitor of Rho-kinase, potently inhibited agonist-induced contraction of intact visceral vas defence with little effects on CPI-17 Thr 38 phosphorylation level, Kitazawa et al. suggested that Rho-kinase might be involved in the myosin phosphatase inhibition and Ca 2+ sensitisation through CPI-17 independent signalling pathways in phasic vas defence (Woodsome et al., 2001; Kitazawa et al., 2003) . Therefore, the Rho A/Rho-kinasemediated signalling pathways are potential candidates for the site of HSP20p action on slowing of MLC20 desphophorylation of skinned preparations of visceral "phasic" taenia cecum (Fig. 4A) . Recent findings that HSP27, a similar small heat shock protein to HSP20, mediated the association of myosin phosphatase and Rho A/Rho-kinase (Patil et al., 2004) resulting in Rhokinase induced inhibition of myosin phosphatase activity in rat "phasic" colonic smooth muscle (Patil et al., 2006) support the possibility of slowing MLC20-dephosphorylation by HSP20p through the direct enhancing effect of HSP20p on the activity of Rho A/Rho-kinase mediated pathways.
It is also possible to explain slowing effects of HSP20p on the dissociation of latch bridges in skinned taenia cecum (Table 1) as a result of activating Rho A/Rho-kinase-mediated signalling pathways by the peptide, because HSP27 can bind to the thin filaments and modulates the thin filament-linked regulation of contractile filaments in smooth muscle cells (Gerthoffer and Gunst, 2001; Somara and Bitar, 2006) , and Rho A/Rho-kinase-mediated signalling pathways may contribute HSP27 action on the thin filaments (Wang and Bitar, 1998) . To confirm the possibility of HSP20p regulation on MLC20 dephosphorylation and latch-bridge dissociation through Rho A/Rho-kinase-mediated signalling pathways, it is necessary in further studies to examine HSP20p effects on Rho A/Rho-kinase mediated signalling pathways, myosin phosphatase and thin filaments in vitro, and also to determine whether an expected thin filaments binding region of HSP27 could modulate MLC20 dephosphorylation and relaxation processes in both "phasic" and "tonic" smooth muscle preparations. Unlike HSP20p, TnIp, accelerated relaxation processes without affecting MLC20 phosphorylation level not only in skinned taenia cecum (Fig. 5B ) but in skinned carotid artery (Fig. 4B) . Thus, although HPS20p has been thought to have thin filaments binding ability (Beall et al., 1999; Rembold et al., 2000) and the expected binding site of the peptide for thin filaments is homologous to that of TnI, the present results indicated that TnI like regulation of relaxation by HSP20p is unlikely. The mechanisms of HSP20 induced vasodilatation through the thinfilaments regulation (Rembold et al., 2000) remains to be elucidated. Further analysis is required not only to determine the critical amino acid residues of the synthetic peptides responsible for the different effects on the relaxation, but also to clarify the role of HSP20, as an actin binding regulatory protein, on the contractile properties of "tonic" vascular smooth muscles in detail.
In conclusion, 1) HSP20p did not affect relaxation by Ca 2+ removal in skinned carotid artery, but 2) the peptide slowed relaxation of skinned taenia cecum through inhibition of MLC20 dephosphorylation and also slowing detachment of the latch-bridge, possibly through thin filament linked regulatory mechanisms such as Rho A/Rho-kinase mediated-signalling pathways, and 3) TnI like regulation of relaxation in skinned smooth muscles by HSP20p seems to be implausible.
